Catalytic membrane reactors (CMRs), which synergistically carry out separations and reactions, are expected to become a green and sustainable technology in chemical engineering. The use of ceramic membranes in CMRs is being widely considered because it permits reactions and separations to be carried out under harsh conditions in terms of both temperature and the chemical environment. This article presents the two most important types of CMRs: those based on dense mixed-conducting membranes for gas separation, and those based on porous ceramic membranes for heterogeneous catalytic processes. New developments in and innovative uses of both types of CMRs over the last decade are presented, along with an overview of our recent work in this field. Membrane reactor design, fabrication, and applications related to energy and environmental areas are highlighted. First, the configuration of membranes and membrane reactors are introduced for each of type of membrane reactor. Next, taking typical catalytic reactions as model systems, the design and optimization of CMRs are illustrated. Finally, challenges and difficulties in the process of industrializing the two types of CMRs are addressed, and a view of the future is outlined.
Introduction
The chemical industry, which includes the petrochemical and biochemical industries, plays a key role in the global economy, and reactions and separations are key processes in the chemical industry. Unfortunately, the most conventional industrial separation processes, such as distillations, are very energy intensive. Therefore, improving the efficiency of reactions and separations is becoming essential in solving environmental and energyrelated problems. Membrane separation is an alternative separation technique that can be performed efficiently on a large scale, and that is competitive in terms of both energy and overall cost [1] [2] [3] [4] . The integration of reactions (mostly catalytic reactions) with the separation of desired products has attracted considerable attention from researchers in science and engineering. The membrane-based combination of separations with catalytic reactions is the concept behind catalytic membrane reactors (CMRs).
The most representative features of CMRs are their selective removal of a product, retention of the solid phase (such as a solid catalyst), distribution of a reactant, and catalyst support (in some cases, the membrane itself acts as a catalyst) [1] [2] [3] [4] . CMRs do not only combine membrane separation with a catalytic process; rather, a synergy is created between the two processes that integrally couples them into a single unit. Green and sustainable chemistry and chemical engineering with lower energy consumption, lower pollution, and enhanced performance can be achieved via the implementation of CMRs. Due to the harsh conditions of most catalytic reactions, which include high temperature, high pressure, and the existence of corrosive gases or solutions (including both basic and acidic solutions), most CMRs use inorganic membranes. These inorganic membranes, which are typically ceramic membranes (e.g., metal oxides), have obvious advantages in terms of chemical and thermal stability, fouling resistance, mechanical strength, and lifetime compared with polymeric membranes. These advantages have given inorganic membranes such as ceramic membranes a wide application in CMRs.
One type of CMR is based on the dense ceramic membrane, which is a type of gas-separation membrane. Perovskite mixed ionic-electronic conducting membranes are one of the most studied dense ceramic membranes. These membranes have a generic composition of ABO 3 , where A is a lanthanide, an alkaline-earth element, or a mixture of the two, while B is normally a transition element. The properties of perovskite-type membranes are closely associated with the A-and B-site cations and their composition. At an elevated temperature (normally higher than 700°C), these membranes simultaneously exhibit oxygen ionic and electronic conductivities, and have a theoretical 100% selectivity to oxygen. The most attractive qualities of these membranes are their high oxygen flux (and permselectivity) and high catalytic activity. Certain important gas-phase catalytic processes, such as the utilization of natural gas, the production of hydrogen, and the treatment of greenhouse gases, can be carried out in CMRs based on perovskite-type membranes. Thus, this type of CMRs has often been reviewed during the last decade. Examples of such reviews include Dixon [1] , Bouwmeester [5] , Sanchez Marcano and Tsotsis [2] , Yang et al. [6] , Liu et al. [7] , Dong et al. [4] , Thursfield et al. [3] , and Wei et al. [8] . In addition, several excellent reviews have been written on mixed-conducting membrane materials. At present, a book chapter written by Bouwmeester and Burggraaf [9] in 1997 and a review paper written by Sunarso et al. [10] in 2008 are the definitive references for material theory and fundamental studies.
The other type of CMRs is based on a porous ceramic membrane and is mainly used for heterogeneous catalytic processes. In heterogeneous catalytic reactions in the presence of suspended ultrafine or nano-sized catalysts, a membrane with an appropriate pore size can effectively separate the catalysts from the reaction slurry. Catalyst separation and reactant distribution can be simultaneously achieved with an appropriate reactor configuration design, which can thus intensify the catalytic reaction in terms of selectivity and yield. CMRs in hybrid photocatalysis-membrane processes have often been reviewed; examples include a monograph by Ollis [11] and works by Molinari and Palmisano [12] , Augugliaro et al. [13] , and Mozia [14] .
This article reviews the state of the art for ceramic CMRs, and includes: ① dense ceramic membrane reactors based on a perovskite-type mixed-conducting membrane and ② porous ceramic membrane reactors used for heterogeneous catalysis. We realize that a comprehensive review of this ever-widening and fast-growing field is almost impossible to provide within a single review article. Therefore, materials and theories are not discussed in detail, although some newly developed materials are briefly introduced in the discussion on special applications. In addition, this review does not cover the use of heterogeneous photocatalysis and high-performance catalysts in porous CMRs, or the use of solid electrolytes and palladium membranes in dense CMRs. Rather, we seek to review new developments in and innovative uses of dense and porous CMRs during the last decade. Within these restrictions of scope, we also intend to present the most representative work performed by our group on CMRs during that period.
Dense ceramic membrane reactors
This section provides a brief review of dense CMRs that are based on perovskite-type mixed ionic-electronic conducting materials. Membrane reactor design, performance, and applications related to the utilization of natural gas (e.g., the partial oxidation of methane (POM)) and biofuels (e.g., ethanol oxidative steam reforming), and the treatment of greenhouse gases (e.g., thermal decomposition of carbon dioxide (TDCD)) are presented and discussed. Reactions such as the POM and TDCD are taken as model systems to illustrate dense CMRs design and optimization for a given application.
Membrane architecture
Membrane architecture is important in determining the performance of a CMR. There are three main types of ceramic membrane architectures: disk-like (or planar) membranes, tubular membranes, and hollow fiber (HF) membranes. Disk-like membranes with a limited membrane area are usually used for kinetics studies because of their simple fabrication procedure. In contrast, a planar membrane can be fabricated on a very large scale using a tapecasting technique [15] [16] [17] . As shown in Fig. 1(a) [18] , a multiple planar stack can provide a large membrane area. However, many difficulties have appeared in the engineering of such membranes, such as high-temperature sealing. For tubular membranes, which are normally prepared by a paste extrusion [19] [20] [21] [22] [23] or isostatic pressing [19, [24] [25] [26] , as shown in Fig. 1(b) [27] , the sealing difficulty can be easily solved by keeping the sealing part outside of the high-temperature zone; this ensures that the temperature of the sealing part is reasonably low in order to obtain an excellent seal. In this case, low-cost polymeric sealants [28, 29] are preferable to expensive metal (e.g., silver and gold), ceramic, or glass sealants [30] [31] [32] [33] . However, a tubular membrane usually has a small packing density (defined as the membrane area per membrane tank volume) due to its relatively thick wall and large diameter. To avoid issues of small packing density and sealing difficulty, HF membranes, as shown in Fig. 1 (c) and (d) [20] , fabricated via a phase-inversion spinning/sintering technique are currently the most popular architecture for engineering applications, including CMRs, and will be discussed in detail later.
For a given material, the oxygen flux in a dense ceramic membrane is essentially related to the membrane thickness. The oxygen flux can be greatly increased by thinning the membrane to below a characteristic value [9, 34] . However, ceramic membranes are brittle and weak to shearing and tension. A membrane cannot support itself when it is very thin (i.e., less than 500 lm). This is the main challenge for disk-like, planar, or tubular membranes. A supported membrane (or asymmetric membrane), which comprises a thin, dense separation layer fabricated on a mechanically strong porous support layer, is considered to be a promising membrane geometry to enhance the oxygen flux without sacrificing mechanical strength. This type of geometry requires a good matching of thermal and chemical compatibility-and hence a good interfacial bonding without serious solid-state reactions-between the two layers, as well as a defect-free, thin, and dense layer for a good, supported, dense ceramic membrane [35] . Jin et al. [36] and Dong et al. [37] proposed a co-sintering technique to prepare asymmetric membranes with an ultra-thin separation layer. In this technique, a precursor of the separation layer was coated onto a green support by means of spin coating or co-pressing with a substrate powder material using a uniaxial press. After hightemperature sintering, an asymmetric membrane was formed ( Fig. 2(a) ) [37] . This method can be extended to create planar, tubular, and HF membranes with multiple layers [38] [39] [40] [41] . This technique shows great potential for preparing asymmetric tubular membranes and overcoming the abovementioned thickness limitation. Liu et al. [42] recently reported a SrCo 0.4 Fe 0.5 Zr 0.1 O 3Àd (SCFZ) asymmetric tubular membrane that was fabricated by means of a co-sintering technique. A green tubular SCFZ support was coated with an SCFZ precursor using a spin-spray technique [42] . After sintering, a 20 lm dense layer was obtained ( Fig. 2(b) ) [42] . This work demonstrates a simple and robust strategy for the preparation of a tubular asymmetric membrane.
Over the last decade, HF membranes have garnered more attention due to their unique asymmetric multilayer structures, which are prepared using a phase-inversion spinning/sintering technique [20, [43] [44] [45] . Compared with conventional planar or tubular configurations, HF membranes ( Fig. 1(c) and (d) ) have a much greater packing density (the diameter of a single membrane is less than 1 mm) and thin separating dense layer (less than 50 lm); they also integrate different types of porous layers (i.e., finger-like layers and sponge-like layers). This architecture provides a much larger gas/membrane interface and lower mass-transfer resistance, and leads to an enhancement of surface exchange and thus permeation rates. However, the greatest disadvantage of single-channel HF membranes is their low mechanical strength, which is due to the low mechanical strength of the supporting porous layer. This disadvantage restricts the use of such membranes in further industrial applications. A multichannel design can grant an HF membrane a larger permeation area for a given volume (i.e., a higher membrane-packing density) and, most importantly, can provide greater mechanical strength (Fig. 3) [49] . The MCHF membrane has a breaking load that is three to six times greater than that of a conventional single-channel HF membrane, and a higher oxygen permeation flux. This membrane is considered to be a promising architecture for CMRs.
Applications of dense CMRs
A membrane naturally separates a reactor into two chambers, and some of the species involved can selectively permeate through the membrane. Thus, the major functions of a dense membrane in a dense CMR can be classified into three categories. First, the membrane acts as a distributor for one of the reactants [50] . Given the high oxygen flux (and permselectivity) of a perovskite-type membrane, reactions can take place at the oxygen permeation side of the membrane. The dosing of oxygen can be easily and precisely controlled, which lowers the risk of thermal runaway in the case of an exothermic reaction. In addition, a better yield of intermediate oxidation products can be obtained because such reactors can work with a lower partial pressure of oxygen. Typical examples Fig. 2 . Scanning electron micrograph (SEM) morphology of (a) an asymmetric disk-like membrane fabricated by means of the co-sintering technique [37] and (b) an asymmetric tubular membrane fabricated by means of a combination of the spin-spray and co-sintering techniques [42] . of processes that can benefit from these advantages include the partial oxidation of hydrocarbons [38, [51] [52] [53] [54] [55] , oxidative coupling of hydrocarbons [56] [57] [58] [59] [60] , and oxidative dehydrogenation of hydrocarbons [61] [62] [63] [64] . The second major function of a membrane in a CMR is to selectively remove a species. This does not simply involve separating one species from a mixture; it also-and most importantly-involves shifting a chemically equilibrated reaction in a desired direction by selectively removing one of the in situ products from the reaction side of the membrane. Typical reactions that benefit from this function include hydrogen production [65] [66] [67] [68] and the decomposition of oxygen-containing compounds [55, [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] . The third major function involves coupling reactions. A CMR comprises two chambers separated by a membrane. Reactions can take place on both sides of the membrane, which makes it possible to couple multiple reactions in a CMR. In a coupling CMR, the product of a reaction on one side of the membrane, which permeates the membrane, can be the reactant for a second reaction on the other side of the membrane. In this way, the conversions of both reactions can be enhanced. Furthermore, an auto-thermal reactor can be constructed by coupling endothermic and exothermic reactions in a CMR. A typical case is the coupling decomposition of oxygen-containing gases (CO 2 , N 2 O, and H 2 O) with a POM reaction [55, [70] [71] [72] [73] . In the remainder of this paper, we focus on the POM and TDCD applications, as they are very good examples to illustrate the basic functions of a dense ceramic CMR and its integration. Technical issues, membrane design, and optimizations are discussed below based on these two specific applications.
Syngas and hydrogen production
At present, the POM reaction, shown in Eq. (1), is considered to be the most promising process for methane (CH 4 ) conversion, because it is a mild exothermic reaction with high selectivity and a desirable hydrogen/carbon monoxide (H 2 /CO) ratio of 2:1.
A dense CMR offers several potential advantages for the conversion of methane, and its application to this process has been extensively studied in the past several years [38, [51] [52] [53] [54] [55] . In this process, air is supplied to one side of the membrane and methane is supplied to the other side of the membrane. In this configuration, air is used to replace pure oxygen, which is normally obtained from air-separation plants equipped with an expensive cryogenic separation unit. The POM is an exothermic reaction, and the gradual introduction of oxygen via the membrane reduces the risk of thermal runaway while simultaneously enhancing the yield of the desired products. One of the challenges in the commercialization process of this kind of membrane is long-term stability. In past years, single-layer membrane (normally consisting of only one material) reactors have received intensive attention. However, it is extremely challenging to design a single-layer membrane that has both a high oxygen permeation and a high stability when exposed to a complex gas environment (containing CO 2 , H 2 , H 2 O, and H 2 S) on the reaction side.
A multilayer membrane-in which the material of each layer may be the same or different-has been proposed, in which the requirements for permeability and stability are segregated into different layers [76] . As shown in Fig. 4(a) , a dual-layer configuration was designed. The dense layer is made of 0.5 wt% SCFNb, which has a high oxygen permeability, and the porous layer is made of Sr 0.7 Ba 0.3 Fe 0.9 Mo 0.1 O 3Àd (SBFM), which shows an excellent reduction tolerance (e.g., in hydrogen). The SCFNb layer is protected by the SBFM porous layer. A non-zero oxygen partial pressure zone was created near the porous/dense interface, which was attributed to a sufficiently high oxygen permeability of the SCFNb separation layer. This dual-layer membrane reactor design keeps the reaction site away from the surface of the dense layer and can be operated steadily for more than 1500 h with no significant performance degradation (Fig. 4(b) ).
It is possible to construct an auto-thermal reactor in order to couple an endothermic POM reaction with exothermic reactions such as steam reforming in a CMR. Such a reactor also provides more flexibility for tuning the H 2 /CO ratio. Zhang et al. [77] studied a combination of the POM with steam reforming in a tubular CMR based on an Al 2 O 3 -doped SrCo 0.8 Fe 0.2 O 3Àd (SCFA) membrane. Zhu et al. [78] then proposed an auto-thermal process that couples the oxidative steam reforming of ethanol (OSRE) with watersplitting (WS) reactions in a dense CMR (Fig. 5) . The in situ oxygen is removed from the water side of the membrane and then reacts with ethanol to produce hydrogen on the other side of the membrane. At 750°C, the hydrogen production rates from the lumen and shell sides are 6.8 and 1.8 mLÁcm
À2
Ámin À1 (standard temperature and pressure), respectively.
Thermal decomposition of carbon dioxide
The thermal decomposition of carbon dioxide into carbon monoxide and oxygen is considered to be a potential route for carbon dioxide capture and utilization. However, carbon dioxide decomposition is limited by its thermodynamic equilibrium. To achieve a high conversion, high-density energy inputs such as a very high temperature (> 1727°C) are necessary in a fixed-bed reactor. Integrating the TDCD and POM reactions in a dense CMR shows a remarkable advance in the utilization of carbon dioxide to supply oxygen for the POM reaction [70, 73, [79] [80] [81] . As shown in Fig. 6(a) , a dense CMR based on a disk-like SCFZ membrane was designed for the coupling of the TDCD and POM reactions. The TDCD reactions take place on one side of the membrane in the presence of a supported palladium (Pd)-based catalyst, and methane reacts with oxygen (which permeates from the TDCD side) over a supported nickel (Ni)-based catalyst on the other side of the membrane. At 900°C, the carbon monoxide selectivity and carbon dioxide conversion reached 100% and 15.8%, respectively [70]. For given external conditions, the decomposition of carbon dioxide benefits from the increase of oxygen permeation flux [81] . Normally, the oxygen permeation flux can be promoted by decreasing the thickness of the membrane (i.e., when bulk diffusion is the rate-determining step). Zhang et al. [79] performed coupling reactions using an SCFA thin tubular membrane with a reduced thickness, which gave it a higher oxygen flux than a disk-like membrane. At 950°C, the carbon dioxide conversion reached approximately 17%, which is higher than the conversion obtained when using a disc-like membrane at the same operation temperature.
Having the POM occur on the opposite side of the membrane to the TDCD can increase the driving force and promote carbon dioxide decomposition. However, the membrane in this case was actually in a much more complicated environment, as one side was exposed to CO 2 /CO while the other side was exposed to CH 4 /CO/H 2 . As discussed in the previous section, a compromise between high oxygen permeability and sufficient chemical stability is necessary in a membrane reactor. Therefore, a triple-layer composite structure (porous/dense/porous) for the TDCD and POM coupling reaction was proposed [73] (Fig. 6(b) ). SBFM and La 0.8 Sr 0.2 MnO 3-d -yttria-stabilized zirconia (LSM-YSZ) were fabricated as porous layers on the dense SCFNb membrane, and were closed to the POM and TDCD sides, respectively. The functions of reduction resistance, carbon dioxide resistance, and high permeability were segregated to the SBFM, LSM-YSZ, and SCFNb layers, respectively. The essence of this design is that each of the layers plays its respective function and synergistically contributes to improve the stability and conversion. This novel reactor attained a 20.58% carbon dioxide conversion at 900°C, and could be steadily operated for more than 500 h [73] .
Current challenges and difficulties in dense CMRs
In addition to membrane reactor design, many technological gaps remain to be filled for the successful application of dense CMRs on industrial scales; these include high-temperature sealing and operation lifetime. One effective solution is to lower operation temperature, resulting in a lower requirement for sealing and better stability. Furthermore, the commercialization and industrialization processes of perovskite membranes strongly rely on the large-scale fabrication method.
In the last few years, many new mixed-conducting materials have been developed. However most of these materials operate at a high temperature, normally higher than 700°C, in order to obtain the desired oxygen flux. Clearly, a membrane that can operate at a low temperature while simultaneously having a competitive oxygen permeation as compared with a membrane that operates at a high temperature would be one of the most effective routes to ease energy consumption and pollution emission. It is commonly accepted that the metal elements of the A or B site of the typical ABO 3 structure, along with their stoichiometric coefficients, are significant in determining the properties of perovskite-type oxides [9] . Hence, most studies focus on the effects of different elements on membrane performance. In 2016, Zhu et al. [82] reported on a new route for designing membrane materials for low-temperature permeation by the rational doping of fluorion (F -) in a perovskite oxide (Fig. 7(a) (Fig. 7(b) ). Many problems can be solved by operating at a lower temperature. However, for long-term operation, kinetic matching between the reaction and separation is crucial in determining the reactor performance; therefore, further research into their synergistic control are required. To date, the materials that are available for lowtemperature application are far from sufficient. The development of materials for low-temperature membranes is an essential direction for future efforts. Significant achievements would be feasible if process intensification was employed in this area. In addition to heat, alternative forms and sources of energy input, such as microwaves and electric fields, could be used to intensify the separation for low-temperature applications. Most existing studies in this area use a disk-like membrane for material screening, since such membranes are relatively easy to fabricate. Planar membranes are also used in large-scale oxygen production. However, the most significant problem is the sealing, as the membrane and sealant are in the high-temperature zone. Another major drawback is the possibility of mismatching between the membrane and sealant. As elucidated in Section 2.1, HF membranes are preferable for practical applications, as they can undertake sealing outside of the high-temperature zone. The typical fabrication procedure of perovskite HFs comprises the following steps ( Fig. 8(a) ): ① the high-temperature synthesis of perovskite powder (usually > 700°C) via solid-state reaction or a wetchemistry route; ② phase inversion to spin the HF precursor; and ③ high-temperature sintering. These processes are labor-, energy-, and time-consuming as well as being environmentally unfriendly; in addition, it is usually impossible to precisely control the cation stoichiometry of the perovskite oxides. Thus, simple and reliable fabrication remains a major challenge. Zhu et al. [83] proposed a one-step thermal-processing approach that directly introduces raw chemicals (e.g., oxides or carbonates rather than as-prepared perovskite oxides) into the phase inversion; next, the perovskite hollow fibers are obtained via a single thermalprocessing step, which accomplishes the in situ conversion of the raw chemicals into perovskite oxides (Fig. 8(b) ). This approach successfully avoids the reaction of perovskite oxide with the solvent or non-solvent used in HF fabrication and achieves a controlled stoichiometry. Consequently, the oxygen flux obtained in the fabricated HF is about 2-100 times greater than that of the HF fabricated via the traditional method. This one-step thermal processing is actually an in situ synthesis and sintering process. Obtaining a good match between the solid-state reaction rates in synthesis and the sintering rates is also a critical issue, so more research into optimizing the coupling process and the sintering parameters is necessary.
Porous ceramic membrane reactors
This section provides an introduction to the progress that has been achieved in the development of porous ceramic membrane reactors. It covers the classification of porous CMR configurations and major considerations for application-oriented ceramic membrane design, especially for ultrafine or nano-sized catalysts.
Porous ceramic membrane reactor configurations
Two main configurations of porous CMRs for heterogeneous catalysis are commonly discussed in the literature: side-stream and submerged configurations [84] [85] [86] [87] [88] . In the side-stream configuration, the reactions occur in a reaction vessel (which is usually stirred) and product separation is performed in a crossflow membrane filtration unit that is placed outside of the reaction vessel (Fig. 9(a) ). The reaction zone and separation zone are segregated by the membrane, which benefits membrane replacement, cleaning, and scaling up, and which permits more flexibility. However, in the side-stream configuration, significant catalyst loss can occur in the surfaces or pores of the membrane, the pipework, and the pumping system. In addition, the use of a recirculation loop increases the energy cost. In contrast, in the submerged configuration, the membrane is located in the reaction vessel, where it is submerged under the liquid (Fig. 9(b) ), and the permeate is removed using a pump or gravity. Thus, a major advantage of the submerged configuration is that the catalyst loss and energy consumption are much less than in the side-stream configuration [89] . Zhong et al. [90] and Chen et al. [91] studied the hydrogenation of p-nitrophenol to p-aminophenol over nickel nanoparticles in a membrane reactor using the side-stream and submerged configurations, respectively. A much more stable reaction rate over time was observed in the submerged configuration, and it was noted that a lower surface area in the recirculating loop and a high flow rate favored the suppression of the membrane-fouling form adhesion of nickel nanoparticles. The submerged configuration provides a more compact reactor system due to the integration of the reaction and separation zones into a single unit. However, the membrane area per reactor volume is restricted due to the limited reactor volume. From this point of view, the side-stream configuration is beneficial in some circumstances for scaling up.
In an ordinary continuous-flow reactor, reactant distribution is crucial for kinetic performance. Therefore, a membrane reactor that combines the reactant distribution with catalyst separation is expected to enhance the product selectivity and yield. Two porous ceramic tubular membranes were employed in this design, with one acting as a reactant distributor controlling the supply of the reactants and the other acting as a membrane separator for the in situ separation of catalysts from the products [92] . Fig. 9(c) illustrates the dual-membrane configuration. The performance of phenol hydroxylation with hydrogen peroxide (H 2 O 2 ) over a titanium silicalite-1 (TS-1) catalyst in the dual-membrane reactor was evaluated [92] . Compared with traditional H 2 O 2 feeding modes, the dual-membrane configuration provides a higher dihydroxybenzene selectivity and a catalyst rejection rate of almost 100%. This study demonstrated the advantages of the dualmembrane reactor in enhancing reaction selectivity, product separation, and catalyst separation simultaneously in a continuous heterogeneous catalytic reactor.
A porous membrane can also be a good distributor for gasphase reactants. Chen et al. [93] successfully controlled the addition of gaseous oxygen using a porous membrane as a distributor in phenol hydroxylation. Small, well-distributed oxygen bubbles generated by the porous ceramic membrane are expected to enhance the volumetric oxygen and gas-liquid mass transfer. To further improve the gas-liquid mass-transfer performance, Chen et al. [94] proposed a novel dual-membrane airlift reactor system for cyclohexanone ammoximation over TS-1. In this configuration, as shown in Fig. 10 , the addition of gaseous ammonia was controlled by a ceramic porous tubular membrane (using the submerged configuration), and numerous small bubbles were produced. To separate the catalyst from the products, a membrane separator (a tubular porous ceramic membrane using a side-stream configuration) was employed. An obvious advantage of this configuration is the good mixing of gas and liquid, which leads to an enhanced gas-liquid mass transfer.
Porous ceramic membrane reactor design
In a membrane reactor design, combining the existing reactor with a commercial membrane with minimum modification would be the most effective strategy. However, commercial membranes may not meet the individual requirements of the application objects. Therefore, membranes must be designed and optimized for individual application, which is the concept behind application-oriented ceramic membrane design [95] . To solve problems encountered in engineering applications, this strategy develops a performance-microstructure model and a membrane structure-material model in order to optimize the membrane microstructure and the membrane fabrication, respectively. Considering the diverse sizes of the catalysts that are used in different applications, the separation efficiency and thus the CMR performance largely depend on the membrane microstructures, which include pore size and pore-size distribution, porosity, and thickness. In this section, heterogeneous catalysis based on ultrafine catalysts and heterogeneous catalysis based on nano-sized catalysts are taken as model systems in order to illustrate CMR design from a performance-microstructure perspective.
CMR design for an ultrafine catalyst
The use of the TS-1 catalyst, which has a high catalytic activity and selectivity, has attracted extensive attention [96, 97] . In general, the particle size of TS-1 is 0.1-0.3 lm, which is too fine for effective removal from the reaction slurry by either gravity settling or porous tube filtration. Tubular membranes are commonly used in porous CMRs due to their high mechanical strength, and these membranes are commonly applied in TS-1 separation [86, 88, 97, 98] . However, the relatively large diameter and thick wall of such membranes result in a low surface-area-to-volume ratio and a large mass-transfer resistance, and hence in a low separation efficiency for the entire membrane system. A ceramic HF membrane distributor for the distribution of reactants on the microscale in phenol hydroxylation has been proposed (Fig. 11 ) [99] . The small pore size of the HF membrane facilitated the generation of droplets on the microscale. Considering the particle size of TS-1, droplets with a similar size to the catalysts would benefit the reaction conversation and selectivity due to an increased contact area between the droplets and the catalyst particles. In contrast to the drop-by-drop mode (in which a reagent is added dropwise) and the one-lot mode (in which a reagent is added all at once), the hydrogen peroxide reactant was distributed by a ceramic HF membrane with a reduced membrane pore size (2.0-0.3 lm), resulting in significant enhancement of the dihydroxybenzene selectivity. The performance of the membrane reactor was demonstrated to be closely associated with the thickness of finger-like and sponge-like pores in the ceramic HF membrane [99] . Different ceramic HF membrane structures were compared in terms of phenol conversion and dihydroxybenzene selectivity. A relatively narrow pore-size distribution and an appropriate gradient in the pore structure were found to favor the uniform formation and distribution of reactant on the microscale and nanoscale.
Several porous CMR models have been initially established to describe the relationship between membrane permeability and microstructure [95, 100] . However, challenges remain in establishing models that describe HF membranes, due to their unique and more complex microstructure in comparison with ordinary tubular membranes.
CMR design for a nano-sized catalyst
Compared with catalysts that are based on bulk materials, a nano-sized catalyst often exhibits superior catalytic properties. However, the high surface energy causes nano-sized catalysts to be easily adsorbed onto the components of the system during catalyst recovery. It has been demonstrated that porous ceramic membranes can completely remove nano-sized nickel catalysts ($60 nm) from a reaction slurry [101] . However, the loss of nanosized nickel particles in the slurry and the formation of caking on the membrane surface cause a degradation of the permeation flux. Loading metal nanoparticles onto membrane surfaces or into membrane pores is considered to be a promising method for solving the abovementioned problems [102] [103] [104] [105] [106] [107] . However, poorly adhered metal particles can easily be removed from the membrane surface during operation. Chen et al. [102] developed an improved fabrication technique to enhance the adhesion of metal particles, such as palladium (Pd), to the membrane surface by silanizing the membrane with c-aminopropyltriethoxysilane. A more uniform distribution of Pd nanoparticles and a smaller particle size were obtained. The research group then proposed a flow-through method [104] to increase the loading amount of Pd. Pd nanoparticles can be deposited not only on the membrane surface, but also in the membrane pores, by letting the solution flow through the membrane. The combination of both surface silanization and the flow-through method resulted in a significant improvement of the catalytic reduction of p-nitrophenol to p-aminophenol, compared with the traditional impregnation method [104] .
Because of their high mechanical strength and easy fabrication, tubular membranes were first chosen for porous membrane Fig. 10 . A dual-membrane airlift reactor system [94] . P: pressure; T: temperature. Fig. 11 . A schematic of a ceramic HF membrane-based reactant distributor [98] .
reactors with immobilized nano-sized catalysts. However, tubular membrane supports cannot compete with powder supports in terms of the surface-area-to-volume ratio. A membrane configuration with a higher surface-area-to-volume ratio is therefore preferable. As discussed previously, the most important features of HF membranes are their much higher surface-area-to-volume ratio, in comparison with most of their disk-like and tubular counterparts, and their much lower mass-transfer resistance. As a support, HF ceramic membranes can provide more surface area per unit of volume, and can significantly benefit the deposition of nano-sized particles. The hydrogenation rate of an HF CMR loaded with Pd is at least 44% higher than that of a tubular CMR loaded with Pd [103] .
Current challenges and difficulties in porous CMRs
Some successful industrial applications of porous CMRs have been achieved. A side-stream membrane reactor was designed in Zhejiang province, China, for cyclohexanone ammoximation over TS-1 (Fig. 12(a) ). The membrane model consists of 241 tubular porous ceramic membranes through which the catalyst can be retained and recycled ( Fig. 12(b) ). Less than 1 mgÁL À1 of catalyst was found in the permeation, and the conversion and selectivity were higher than 99.5%. The greatest advantage of a ceramic membrane is that it can be easily cleaned using strong basic and acidic solutions, which is all but impossible in a polymeric membrane system. Another industrial application of a porous CMR has been achieved for p-aminophenol production. A microfiltration membrane based on a porous ceramic membrane (from Jiangsu Jiuwu Hi-Tech Co., Ltd.) was successfully employed to recover nanosized catalysts. This project yields a p-aminophenol production of 30 000 tÁa À1 in Anhui province, China (Fig. 12(c) ). Many issues are yet to be resolved from the industrial point of view, especial in terms of reactor scaling up. Computational fluid dynamics (CFD) simulation would be a powerful tool to realize the realtime measurement of multiscale dynamic behavior that includes the multiphase flow and the synergy between the reaction and transfer. Most CFD models focus on the membrane separation process [108] [109] [110] [111] [112] [113] . However, CFD can also be used to predict the fluid flow pattern with the introduction of a ceramic membrane [114] . For example, in a three-blade impeller system, the maximum homogeneity of solid particles was achieved at a blade angle of 30°. The model provides a visualization of the flow field distribution in a multiphase system along with in-depth details about the fluid flow.
Conclusions and prospects
Many recent investigations have demonstrated that ceramicbased CMRs show great potential in a wide range of applications for chemical reactions and separations under harsh conditions in terms of both temperature and the chemical environment. The aim of this article was to review current research-mostly from the last decade-on the two most important types of CMR: those based on the dense mixed-conducting membrane for gas separation, and those based on the porous ceramic membrane for heterogeneous catalytic processes. This article mainly focused on new developments and innovative uses of these CMRs from the perspective of membrane reactor design and optimization. CMRs do not only integrate various membrane operations simply into one unit; they also intensify the process by operating in a synergistic fashion. Examples of reactions that benefit from dense CMRs include the POM to syngas, steam reforming to produce hydrogen, and the TDCD. Examples of reactions that benefit from porous CMRs include the heterogeneous catalysis of phenol hydroxylation with hydrogen peroxide or oxygen, cyclohexanone ammoximation, and the hydrogenation of p-nitrophenol to p-aminophenol. Emerging challenges and great opportunities still exist for both types of CMR, as described below.
Challenges affecting dense CMRs
The following challenges are still encountered in the industrialization of dense CMRs:
(1) Engineering the membrane. Membrane architecture is important in determining the performance of a CMR. Disk-like (or planar), tubular, and HF membranes are good choices. The major considerations in good membrane geometry are the ease of high-temperature sealing, permeation flux, and mechanical strength. The biggest problem for the disk-like membrane is high-temperature sealing, which is also the most crucial challenge for other high-temperature membranes. Clearly, tubular and HF membranes are good candidates; however, both still have drawbacks in terms of permeation flux (membrane thickness) and mechanical strength, respectively. A combination of co-sintering and spin-spray techniques to fabricate asymmetric tubular membranes and the novel design of multichannel HF membranes are expected to be the most effective solutions. However, the precise control of structures and components during fabrication and sintering still represents a challenge.
(2) Lowering the operation temperature. A lower operation temperature would result in dramatic benefits, such as better stability, easier sealing, fewer equipment requirements, lower energy consumption, lower pollution, and greater safety. In addition to considerations of membrane geometry (e.g., ultra-thin separation layers), the development of membrane materials with low cost and high performance at low temperatures is an effective route. Traditional strategies associated with A or B site tailoring cannot fully meet these requirements. Oxygen-site doping with fluorion has been considered, and was demonstrated to be a good choice. However, the stability of the fluorion-containing material, especially within a complex environment (e.g., in the presence of oxidizing, reducing, and/or sulfur-containing species) requires further evaluation and optimization.
(3) Large-scale membrane fabrication. Simple and reliable fabrication remains the greatest challenge for the commercialization of membrane reactors. Traditional HF membrane fabrication has been labeled as a labor-, energy-, and time-consuming process. One-step thermal-processing techniques obviously provide a breakthrough opportunity in terms of low cost and reliable large-scale membrane fabrication. In fact, one-step thermal processing is an in situ synthesis and sintering process. Obtaining a good match between the solid-state reaction rates in synthesis and the sintering rates is a crucial issue, and additional research into the optimization of the coupling process and sintering parameters is therefore required.
Challenges affecting porous CMRs
The following challenges are still encountered in the industrialization of porous CMRs:
(1) Membrane reactor design. The major drawback of the sidestream configuration is the adsorption of catalyst in the loop, whereas the submerged configuration has many advantages that include a small footprint, reduced catalyst adsorption, and significantly reduced energy consumption. Better performance was obtained in a dual-membrane reactor, which introduces an additional membrane distributor, due to good distribution of the reactants. Combining a dual-membrane reactor with an airlift membrane reactor provides another opportunity in gas-liquid heterogeneous catalysis by improving the gas-liquid mass transfer.
(2) Engineering the membrane. Tubular membranes are commonly used and studied for use in porous CMRs. However, their relatively large diameter and thick wall result in low surfacearea-to-volume ratios and large mass-transfer resistance, and hence in a low separation efficiency for the entire membrane system. HF membranes appear to overcome these limitations. For practical application, an appropriate pore size and distribution are essential in order to generate uniform droplets on the microscale. Because of the large surface-area-to-volume ratio of HF membranes, they can support nano-sized catalysts. A combination of surface silanization with the flow-through method results in a uniform and smaller particle size and in better adhesion of a nano Pd catalyst on an HF membrane.
(3) Process simulation. Most CFD models consider the catalytic reaction and the membrane separation process separately. Therefore, integrally linking the two processes is essential in establishing CFD models that help us to understand the process in a way that is close to reality. Three levels of mass transfer exist in a membrane reactor: microscale, mesoscale, and macroscale mass transfers. A combination of these mass transfers and chemical reactions with multiphase hydrodynamics and kinetic models will be one of the most important research directions for porous CMRs.
